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Model combinatorial films (CFs) which host a pure superconductor adjacent to a ferromagnetic- 
superconducting hybrid film (HF) are manufactured for the study of the influence of ferromagnetic 
nanoparticles (FNs) on the nucleation of superconductivity. Careful resistance measurements were 
performed simultaneously on two different sites of the CFs. Enhancement of superconductivity 
and magnetic memory effects were observed only on the hybrid site of the CFs but were absent 
on their purely superconducting part. Our results give direct proof that the FNs modulate the 
superconducting order parameter in an efficient and controlled way giving us the possibility of 
miscellaneous practical applications. 
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Ferromagnetic-superconducting hybrid systems where 
magnetism coexists with superconductivity have been 
the subject of intensive theoretical studies for many 
years. 1 ' 2 ' 3-4 Advances in fabrication techniques have re- 
cently enabled the reliable preparation of such systems 
mainly in the form of HFs. 5 i 6 i 7 i 8 i 9 i 10 i n i 12 Probably the 
HF which is most widely studied by recent experiments 
is the one consisting of ordered or randomly distributed 
FNs embedded in a superconducting layer iSiLLSuLiSiiiiiS 
The most prominent effect that the FNs impose on the 
superconductor is the controlled modulation of the super- 
conducting order parameter. Under specific conditions 
superconductivity in a HF may survive (or can be de- 
stroyed) at temperatures or magnetic fields higher (lower) 
than that observed in a single superconductorASiLSiiSiiS 
In most studies transport measurements were mainly em- 
ployed to probe the superconducting fraction of the HF. 
It was observed that under certain conditions, depending 
mainly on the alignment of the FNs, the resistance in the 
HF maintained a lower value than the one observed in a 
reference pure superconducting layer. Most of the studies 
attributed the lowering of the measured resistance to the 
enhancement of the bulk and/or the surface critical cur- 
rent that the superconductor may sustain ,£ 4 £ 4 L2i2ii2iiiii2i 
This specific property makes HFs important for power 
applications. Except for current-carrying applications 
HFs could be also useful as prototypes for the design 
of magnetoresistive memory devices or superconductive 
spin valves ^iiiiiiSi In the near future such devices could 
serve as data storage elements in a similar way to other 
candidate devices which are based on different physical 
mechanisms (for example giant magnetoresistance ele- 
mental devices). 

In this work we study the nucleation of superconduc- 
tivity in model CFs which are constructed by CoPt FNs 
and a high quality layer of Nb superconductor. Nb and 
CoPt FNs were chosen as the ingredients of the CFs since 
their respective superconducting and magnetic proper- 
ties are well studied and can be modified in a controlled 
way by altering the preparation conditions during sput- 
tering and subsequent annealingiSiiLiLiS The FNs em- 



ployed in this work are anisotropic with their easy-axis 
a e of magnetization normal to the surface of the film. 
In the constructed CFs the FNs are preferably embed- 
ded in only half of a high quality Nb layer of thickness 
d = 200 nm (see inset of FigEJb), below). In this way 
the modulation of the superconducting properties may be 
studied directly by performing resistance measurements 
on the HF and the pure superconducting areas of the 
CFs simultaneously under the application of the same 
dc transport current. The appearance of spatially mod- 
ulated superconductivity and site selective memory ef- 
fects give direct evidence that in the HF part of the CFs 
the nucleation of superconductivity can be greatly modu- 
lated by the dipolar fields of the FNs. The enhancement 
of the superconducting regime on the H — T operational 
diagram suggests that such HFs could be attractive for 
current-carrying applications. In addition, a tristate su- 
perconducting magnetoresistive elemental device could 
be based on our CF. 

Generally, the Nb layers are dc sputtered at a power 
of 57 W on a 2 pure Nb target and at an Ar pressure 
(99.999 % pure) of 3 mTorrii 8 . In the present study we 
managed to prepare films of even better quality by em- 
ploying the following procedure. Since Nb is a strong 
absorber of oxygen, usually Nb oxide is grown along 
grain boundaries resulting in a suppression of the de- 
sired superconducting properties. In order to eliminate 
the residual oxygen that possibly existed in the cham- 
ber even after long periods (2 — 3 days) of pumping, we 
performed pre-sputtering for very long times. During 
the pre-sputtering process all the residual oxygen was 
absorbed by Nb. As a result we observed that after a 
pre-sputtering time of one hour the base pressure in the 
chamber was improved almost one order of magnitude 
exhibiting a typical value of 8 x 10~ 8 Torr. Only when 
the desired base pressure had been obtained we started 
the actual deposition of the Nb layers. 

The FNs employed in the present work were prepared 
as following. In order to inflict a strong perpendicu- 
lar anisotropy on the produced CoPt isolated particles a 
small quantity of Ag (typical thickness of the deposited 
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layer c?Ag = 0.3 — 1.2 nm) should be used as an extra 
underlayeri 17 ! 19 The Ag and CoPt layers were deposited 
on Si(001) substrates by magnetron sputtering at ambi- 
ent temperature. The base pressure before introducing 
the Ar gas was 5 x 10~ 7 Torr and the pressure during 
sputtering was 3 mTorr. The nominal thickness of Ag 
layers for the CFs used in this work, was <Ia s = 0.6 nm 
and were sputtered by using a dc power of 5 W on a 2 
Ag target at a rate of 1.5 A/sec. The nominal thickness 
of CoPt layers was dcoPt = 12 nm and were sputtered by 
using an rf power of 30 W on a 2 CoPt target at a rate of 
1.2 A/sec. This specific composition of c?A g = 0.6 nm and 
rfcoPt = 12 nm was chosen for the deposited layers since 
it produces the most anisotropic FNs which in addition 
are isolated from each otheri^ CoPt films deposited near 
room temperature adopt a disordered face centered cu- 
bic (fee) structure which is magnetically soft. In order to 
form the hard magnetic and highly anisotropic Llo phase 
(ordered face centered tetragonal or fct) of CoPt, the as 
deposited films need to be annealed. Thus, the Ag/CoPt 
bilayers were annealed for 20 min at T = 600 C under 
high vacuum (10~ 7 Torr). The annealing process leads to 
the formation of self-assembled anisotropic FNs. Their 
easy-axis a e of magnetization is normal to the surface of 
the film. As already discussed, morphologically, the FNs 
are isolated and randomly distributed on the substrate's 
surface as may be seen in FigQ] Typical length scales 
(in-plane size and distance of the FNs) are in the range 
100 — 500 nm. Cross-sectional transmission electron mi- 
croscopy data (not shown) revealed that their thickness 
is of the order 30 — 50 nm. After producing the FNs the 
Nb layer was sputtered on top of them according to the 
procedure outlined above. The thickness of the deposited 
Nb layer is d « 200 nm. More spec ific inf ormation for 
the CoPt FNs may be found in Refs. Il7ll9l 

Our magnetoresistance measurements were performed 
by applying a dc transport current (normal to the mag- 
netic field) and measuring the voltage in the standard 
four-point configuration. In all measurements presented 
below the applied current was /dc = 0.5 mA, which corre- 
sponds to an effective density Jd c ~ 200 A/cm 2 (typical 
in plane dimensions of the films are 1x4 (mm) 2 to 4 x 4 
(mm) 2 ). The temperature control and the application of 
the dc fields were achieved in a commercial SQUID de- 
vice (Quantum Design). In all cases the applied field was 
parallel to the easy-axis a e of magnetization (H || a e ). 

Figures |2Ja)-|2c) show detailed voltage curves for two 
CFs as a function of temperature for various magnetic 
fields. The curves presented in Fig|^a) refer to the volt- 
age Vi t i(T) which was measured between the character- 
istic points 1 and 4. As is schematically presented in the 
inset of the middle panel these points are positioned on 
different sites of the CF. Point 1 is placed on the super- 
conducting site, while point 4 is positioned on the HF 
part of the CF. Since the FNs are initially demagnetized, 
in zero magnetic field the voltage curve should not exhibit 
any special feature as indeed is evident in the data. Once 
again we note that by employing very long pre-sputtering 
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FIG. 1: Image of the FNs by scanning electron microscopy. 
The FNs are isolated and randomly distributed, while their 
typical in-plane size and their distance are in the range 100 — 
500 nm. 



times prior to the actual deposition we managed to pro- 
duce high-quality Nb layers that maintain homogenous 
superconducting properties throughout the CFs. This is 
evident by its high zero-field T c = 8.41 K and the sharp- 
ness of its single-step transition which exhibits AT w 50 
mK according to a 10% — 90% criterion (see also FigQ] 
below). In contrast to zero- field data, when an exter- 
nal magnetic field is applied the situation should alter 
dramatically due to the presence of the FNs in the HF 
part. As the external field is increased any modulation 
in the critical temperature of the HF, in respect to the 
adjacent Nb layer, should result in a structure in the 
measured curves V\^{T) indicative of two different tran- 
sitions. Indeed, this behavior is clearly observed in the 
data presented in FigEIa). As we perform the measure- 
ments in higher external fields the voltage curves Vi^T) 
broaden and gradually present a two step feature which 
indicates the two different transitions of the two different 
parts of the CF. More specifically, we observe that as the 
temperature decreases the V\^(T) curves deviate from 
the normal state value at points T ns (H). In addition they 
exhibit first a change in their slope at a field-independent 
voltage level Vi^(T) ~ 80/iV (see horizontal dotted line 
tracing the points T CS (H)) and second a sharp drop to- 
wards zero at a field dependent voltage level (see inclined 
dashed line tracing the points T s d(H)). Finally, the CF 
becomes totaly superconducting at points T Z (H) where 
the resistance gets zero. 

The direct comparison of V\^(T) with V^^iT) and 
Vi t 2(T) revealed that the upper part of the voltage curves 
Vi t 4,(T) refers to the transition of the HF, while their 
lower part refers to the transition of the adjacent Nb 
layer. Representative data are shown in FigPflj) where 
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FIG. 2: (Upper panel) Detailed measurements of the volt- 
age Vi,i(T) (see the inset) for various magnetic fields 
kOe< H < 34 kOe. (Middle panel) Comparative presen- 
tation of voltage curves Vi,4(T) (open circles) and Vs, : a(T) 
(solid circles) at external magnetic fields H = 10, 16 and 22 
kOe. The inset presents schematically the CF and the config- 
uration of the performed measurements. (Lower panel) Com- 
parative presentation of voltage curves Vi^(T) (open circles) 
and V3,4(T) (solid circles) measured in a second CF at low 
magnetic fields H — 1,2,3 and 4 kOe. In all cases the ap- 
plied field was parallel to the magnetization easy-axis a e of 
the FNs. 



we present comparatively the voltage curves V\^(T) and 
V 3A (T) for magnetic fields H = 10,16 and 22 kOe ap- 
plied parallel to the easy-axis a e of magnetization of the 
FNs. First of all we see that as the temperature de- 
creases both voltage curves V\^(T) and 1^,4 (T) deviate 
from the normal state value at the same characteristic 
points T ns (H)m& Second, the magnetically determined 
bulk upper-critical temperatures T^, F (H) of the HF part, 
represented by the zeroing of the Vs^(T) curves* 7 ^ nicely 
correlate with the points where the sharp drop in the 
voltage curves V\^{T) initiates. We are now in a posi- 
tion to identify all four characteristic points existing in 
the Vi^(T) curves: The points T ns (H) where the normal 
state value is obtained refer to the points T^f(H) where 
surface-like superconductivity starts to form in the HF 
part of the CFi 7 i 8 i 21 The points T st x(H) where the sharp 
drop toward zero initiates (see inclined dashed line) are 
related to the bulk upper-critical temperatures T^ F (H) 
of the HF part. The zeroing temperatures T Z (H) re- 
flect the points T^>(H) where bulk superconductivity is 
established in the Nb part of the CF (then supercon- 
ductivity is maintained in the whole CF) and finally the 
points T CS (H) where a change in the slope is observed 
in the Vi^iT) curves (see horizontal dotted line) refer 
to the temperatures Tf^{H) where the pure Nb region 
of the CF enters the normal state as we increase the 
temperature^^ An important outcome of the data pre- 
sented so far is that in the HF the superconducting tran- 
sition takes place at higher temperatures than in the pure 
Nb area. In the lower panel, FigJ^c) we focus near the 
normal state boundary of the V\^{T) (open circles) and 
V^^iT) (solid circles) voltage curves which were mea- 
sured at the two different parts of a second CF. These 
data show clearly that, for the same applied magnetic 
field and current, the normal state boundary of the Nb 
part is placed at lower temperatures when compared to 
the HF part of the CF. Since all external experimental 
parameters (temperature, external magnetic field and ap- 
plied current) are exactly the same for the Nb layer ex- 
isting throughout the CF the enhanced superconducting 
temperature of its HF part should be attributed exclu- 
sively to the influence of the FNs. 

The characteristic points discussed above are summa- 
rized in Fig|3]for the field configuration H || a e . In its 
inset we present the initial part of the virgin magnetiza- 
tion loop of the CF performed at T = 10 K. The FNs 
of the present film exhibit a saturation field H™ ~ 5 
kOe. In the main panel we observe that the line (T) , 
which designates the normal state of the HF part of the 
CF, exhibits a change in its slope at the saturation field 
Hf£ ~ 5 kOe of the FNs. 7 i 8 i 22 All other boundary lines 
referring to the different characteristic points don't ex- 
hibit such a tendency, but clearly maintain an almost 
linear behavior in the whole regime investigated in the 
present study. As a result the regime where the HF part 
of the CF maintains a resistance lower than the normal 
state value is significantly enhanced when compared to 
the respective regime of the pure Nb part. This finding is 
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FIG. 3: The constructed phase diagram for the nucleation of 
superconductivity in our CF. The regime where the HF part 
of the CF maintains a resistance lower than the normal state 
value is greatly enhanced in comparison to the pure Nb part. 
This is achieved since an upturn is observed in H^(T) at 
the saturation field H™ ~ 5 kOe of the FNs (as may be seen 
in the inset were the initial part of a virgin loop performed 
at T = 10 K is presented). The dotted line represents the 
extrapolation of the low- field H^f(T) data in high magnetic 
fields. The applied magnetic field was parallel to the easy-axis 
a e of magnetization (H || fi e ). 

in agreement to recent experimental studies performed in 
more simple HFs£ and suggests that by controlled vari- 
ation of the saturation field of the FNs we may directly 
enhance the superconducting regime of the H — T opera- 
tional diagram^ It should also be noted that the prepa- 
ration procedure of randomly-distributed isolated FNs is 
much simpler compared to the techniques needed for the 
production of ordered ones. Thus, randomly distributed 
FNs could be more attractive for the construction of HFs 
that will be used for commercial current-carrying appli- 
cations. 

The presence of FNs should motivate magnetic mem- 
ory effects in the superconducting properties of a HF. 
To investigate the existence of such phenomena in our 
model CF we performed measurements based on dif- 
ferent magnetic histories of the FNs. Such data are 
presented in FigsQIa) and E^b). In Fig. EJa) solid 
points refer to the curves V\^(T) obtained when the FNs 
were initially carefully demagnetized, 23 while the open 
points (positive fields) and points with crosses (nega- 
tive fields) refer to V\^{T) data obtained when initially 
the FNs were saturated by applying a magnetic field 
H > H™ ~ 5 kOe. We clearly see that in the temper- 
ature regime T^ F (H) < T < T^ F (H) the voltage curves 
Vi,4(T) are greatly affected by the magnetic state of the 
FNs, while their lower part T^ 2 h (H) < T < T^ F {H) is 
left unchanged. This is so because the lower segment 
T^ 2 h (H) < T < T^ F (H) of the curves is related to the 
transition of the pure Nb layer of the CF, while the up- 
per segment T^ F (H) < T < T^ F (H) reflects the transi- 
tion of the HF part of the CF. Since the superconduct- 
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FIG. 4: (Upper panel) Voltage curves Vi,4,(T) at magnetic 
fields H — 0, ±1, ±2, ±3 and ±4 kOe after demagnetiza- 
tion (solid points) and after saturation (open points and 
points with crosses) of the FNs. Magnetic memory effects 
are observed in the Vi,a{T) curves only in the temperature 
regime T^ F (H) < T < T^ F (H), while their lower parts 
Tc2 b (H) < T < T^ F (H) coincide entirely. (Lower panel) 
Normalized voltage measured in a simple HF at H = ±5 
kOe. The observed change due to the change in the direc- 
tion of the external field is AV(±5fcOe) = 75%. The inset 
presents schematically the three states of an elemental device 
which could be based on our CF. In all cases the magnetic 
field is parallel to the magnetization easy-axis fi e of the FNs 

(H || fi e ). 



ing Nb layer extending in the whole CF is subjected to 
exactly the same extrinsic parameters (temperature, ex- 
ternal magnetic field and applied current) it is only the 
FNs that could motivate the modulation of superconduc- 
tivity and the magnetic memory effects observed in its 
HF part. We observe that the curves obtained at positive 
fields after the saturation of the FNs are placed in higher 
temperatures compared to the curves obtained when the 
FNs were initially demagnetized or the ones obtained at 
negative field values. This result clearly proves that the 
nucleation temperature of superconductivity can be mod- 
ulated in a controlled way under the action of FNs. 

In a recent Letter J.Y. Gu et alii& have studied a 
HF multilayered device and reported a 25% resistance 
change which was motivated by the specific orientation 
of the magnetization of the magnetic layers. It should be 
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noted that in their multilayered HF the observed change 
in the resistance of the superconducting layer was not 
affected by the stray fields of the bordering magnetic 
layers but was motivated by the exchange-bias mecha- 
nism. In our HF the observed changes in the voltage 
are motivated by the stray fields of the FNs (see below). 
The data presented in Fig^f b) were obtained in a simple 
HF when the external field was changed from H = +5 
kOe to H = —5 kOe. A pronounced percentage change 
AV(±5fcOe) = 75% is observed in the measured voltage 
which is motivated by the magnetic state of the FNs. 
Thus, a simple HF could probably serve as a convenient 
bistate magnetoresistive memory device. Furthermore, a 
CF could serve as a tristate memory device which, at con- 
stant temperature, exhibits three distinct resistive states 
as is schematically presented in the inset of Fig^Jb): 
(i) zero resistance (output at V^^T)), (ii) normal state 
resistance (output at Vi^(T)) and (hi) an intermediate 
value of the resistance (output at V\^{T)). Interestingly 
the CF can be tuned between states (i), (ii) and (hi) un- 
der the application of an external field and more impor- 
tantly its zero-resistance state (i) and intermediate state 
(hi) can be additionally modulated by the specific mag- 
netic state of the FNs. This device could be considered 
as a development of the recently proposed magnetore- 
sistive memory and superconducting spin-valve bistate 
elements li&i^iSii 6 . It should be noted that while the op- 
eration of those bistate elementsiii^i^i^ is based on the 
exchange-bias mechanism our tristate elemental device 
simply works under the action of the dipolar fields of the 
FNs as discussed below (see also Refs|aQla)- 

The modulation of superconductivity and the memory 
effects observed in our data may be explained by tak- 
ing into account the contribution of the internal fields 
produced by the FNs&L2424 Briefly, these internal fields 
compensate (add to) the external field at some regimes 
of the superconductor where the two components are an- 
tiparallel (parallel). 6,7,8,24 Since in these regimes the total 
effective magnetic field is lower (higher) than the exter- 
nal field superconductivity will survive (be destroyed) at 
temperatures higher (lower) than the ones observed in 
a single superconducting film&LSiS4 Thus, in our case 
when the FNs are initially demagnetized their influence 
on the superconducting layer is negligible. As the ap- 
plied field increases the FNs are gradually oriented. Their 
dipolar fields reduce the external field in the areas of 
the superconductor which are placed near their lateral 
surfaces As a consequence in these areas of the HF, 
superconductivity is preserved at temperatures higher 
than should be expected in the absence of FNs. Thus, 



in our CF the nucleation of superconductivity should oc- 
cur at higher temperatures in its HF part compared to 
the pure Nb part. This is directly observed in the re- 
sults presented in Figs[21and2J Going a step further, we 
expect that different behavior should be observed in the 
case where the FNs were initially saturated by applying 
an external field H > H™ ~ 5 kOe and subsequently 
the field was decreased to the desired value where the 
measurement had to be performed. In this case, during 
the measurement all the FNs are in the remanent state 
throughout the HF area. As a consequence the suppres- 
sion of the external magnetic field by the dipolar fields 
of the FNs in the areas adjacent to their lateral surfaces 
is now more efficient, and more importantly extends in 
the whole HF part. As a result, when the FNs are ini- 
tially saturated superconductivity should be preserved at 
higher temperatures compared to the demagnetized ini- 
tial state. This is clearly revealed by the data presented 
in Fig.il (a). 

Since the discussed effect takes place mainly when all 
the FNs are aligned we speculate that at microscopic level 
the whole process relies on the formation of percolation 
paths that trace the lateral surfaces of the FNs in the 
whole HF's area. These paths assist the superconducting 
component of the transport current and as a result lower 
value of the resistance is maintained for higher tempera- 
tures in the HF part of a CF. Unfortunately, above the 
saturation field H™ ~ 5 kOe all the FN are saturated 
so that their ability to compensate the external magnetic 
field is entirely expended. As a consequence an increasing 
external field will gradually destroy superconductivity. 

In summary, in this article we studied the nucleation of 
superconductivity in model CFs consisting of FNs prefer- 
ably embedded at the half part of a high quality Nb layer. 
Resistance measurements were performed simultaneously 
at the HF and the purely superconducting regimes of the 
CFs under the application of the same transport cur- 
rent. Under the presence of an external magnetic field 
in the HF regime superconductivity is preserved at tem- 
peratures higher than that observed in the pure super- 
conducting area of the CFs. Magnetic memory effects are 
selectively observed only in the HF part but are absent in 
the pure superconducting regime. Our results show that 
in a HF we are able to greatly enhance the superconduct- 
ing regime of the H — T operating diagram thus making a 
superconductor more attractive for current-carrying ap- 
plications. Finally, our CF could be considered as a tris- 
tate elemental magnetoresistive unit and may be useful 
for the design of oncoming memory devices. 
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